Introduction
Anti-sense oligonucleotides (ASOs) 1 are usually single-stranded deoxy-ribonucleotides of 15-35 bases which bind to a specific section of mRNA to form a dimer that may then inhibit translation and therefore prevent synthesis of an unwanted target protein.
ASOs are promising therapeutics 2 but the incorporation of a native phosphodiester link means they are rapidly hydrolysed by intracellular endonucleases and exonucleases 3 . To overcome this problem ASOs have been modified to decrease their susceptibility to nuclease catalysed hydrolysis and improve their pharmacokinetics 4 . One of the most common examples of these changes is the introduction of a phosphorothioate backbone (1) 5 to give derivatives which are poor substrates for enzyme catalysed hydrolysis and yet do not disrupt binding between the nucleobases 6 . The introduction of the relatively hydrophobic sulfur also increases cell uptake compared with the native P=O phosphodiester whilst still maintaining good water solubility as a polarisable anion. Although the introduction of one of the phosphate non-bridging oxygens by sulfur makes the phosphorus chiral, it is only the (S)-P phosphorothioate diastereomer that is nuclease resistant 7 .
The successful large scale synthesis of oligonucleotides with phosphorothioate links requires the sulfurisation step to have a near quantitative yield, to be rapid and give a maximal P=S to P=O ratio. Sulfurisation of the protected nucleotide-phosphite (2) , attached to a solid support, is often carried out with the sulfurising agent present in an organic solvent. Although there Please do not adjust margins Please do not adjust margins are a number of reagents available 8 , 9 phenylacetyl disulfide (PADS) (3) is commonly used in the pharmaceutical industry, 10, 11, 12 . This reagent is unusual in that it is best 'aged' in a basic acetonitrile solution to obtain optimal sulfurisation activity 13 , often using 3-picoline as the base. We have recently shown that this is due to the formation of diacyl polysulfides (4) by an unusual elimination E1cB mechanism 14 . Although both 'fresh' and 'aged' PADS convert phosphite esters to the corresponding thiophosphate, 'ageing' improves the rate and efficiency of sulfurisation. Herein we address the reasons for this difference and report the kinetics and mechanism of both sulfurisation reactions. 
Results and Discussion

(i) Sulfurisation by 'fresh' PADS
Although a freshly made solution of PADS (3) is not an optimal sulfurising agent 13 it is still capable of converting phosphite triesters to the corresponding thiophosphate (Scheme 1).
( RO )3 P ( RO mins. The kinetics of this process were determined by following the reaction by 31 P NMR from which the rate law was found to be first order in each reagent (eq.1). With excess PADS and 3-picoline there is an exponential decrease in phosphite concentration from which the observed pseudo first-order rate constants were found to increase with increasing concentration of catalytic base, 3-picoline ( Fig. 1) 
(ii) Sulfurisation by 'aged' PADS
A freshly made solution of PADS (3) is not an optimal sulfurising (Fig. 5) , such that PADS 'aged'
for 48 h. is more than an order of magnitude more active than a freshly prepared solution of PADS. We have shown that PADS degrades completely over this period of time due to its degradation to phenylacetyl polysulfides. Given that the molar concentration of the polysulfides is less than that derived from PADS they are thus much more efficient sulfurising agents. There are many examples of S-S bond cleavage as a result of nucleophilic attack by nitrogen nucleophiles 19, 23 . The relatively small value for the Brönsted βnuc = 0.26 for catalysis by substituted pyridines is also compatible with a facile process for the second step k2 and the change in rate-limiting step 24 with increasing picoline concentration (Fig. 6 ) occurs when 
